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Summary

A test of a small three-bladed model rotor, with geometry
typical of that used on tilt-rotor aircraft, was conducted
in the U.S. Army Aeroflightdynamics Directorate’s
anechoic hover chamber. The objectives of the test were
to determine the hover performance of the rotor and
investigate the pressure distributions on a blade operating
at various collective pitch angles and tip speeds. This
report presents the rotor performance data and blade
surface pressures.

Nomenclature

c rotor chord length, in.

CP blade surface pressure coefficient,
(p – p∞)/0.5ρ(Ωr)2

CQ rotor torque coefficient, Q/ρ(ΩR)2(πR3)

CT rotor thrust coefficient, T/ρ(ΩR)2(πR2)

FM rotor figure of merit, (CT)1.5/CQ√ 2

l airfoil lower surface

P blade surface pressure, lb/ft2

P∞ ambient pressure, lb/ft2

Q rotor torque, ft·lb

r blade radial station, ft

R rotor radius, 2 ft

rpm rotor rotation speed, rev/min

t/c maximum thickness to chord ratio

T rotor thrust, lb

u airfoil upper surface

x chordwise distance from leading edge, in.

y coordinate normal to blade chord, in.

β blade twist relative to 0.75R, deg

θc collective angle at 0.75R, deg

ρ air density, slugs/ft3

σ thrust-weighted solidity, 0.1194

Ω rotor rotational speed, rad/sec

Introduction

The accurate prediction of hover performance is
particularly important for tilt-rotor aircraft since the
payload represents about thirty percent of the aircraft’s
gross weight. NASA Ames Research Center has recently
conducted a series of tests to measure tilt-rotor hover
performance and wake geometry at various test conditions
(refs. 1 and 2). Reference 3 reported the correlation of
these test results with predictions using a rotorcraft
analysis program, CAMRAD. They found that the theory
underpredicted the XV-15 ATB (advanced technology
blade) rotor hover figure of merit at high thrust coeffi-
cients (CT/σ > 0.14). In addition, the measured figure
of merit remained a high level at high thrust coefficients
while the predicted value dropped off.

The purpose of this test was to obtain a blade surface
pressure and performance data set which could be used
to investigate the reason for the discrepancy between the
measured and predicted performance of highly twisted
rotors. This report presents the performance and pressure
data obtained from this test but does not attempt to draw
any conclusions. However, the reader may consult a paper
by Tung and Branum (ref. 4), which speculates on the
cause of the underprediction of the high thrust theoretical
figure of merit.

This work represents the contributions of many excellent
people. We would like to extend our thanks to Bill
Harper, Brad Wick, and Marty Maisel who were instru-
mental in initiating our studies. Special thanks are due to
Andy Morse who assisted us through the whole test and
to Frank Caradonna for his suggestions.
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Description

Rotor

The rotor tested is a small three-bladed rotor designed to
operate at thrust coefficients typical of current tilt-rotor
aircraft but does not represent any particular full scale
configuration. The rotor was mounted on the Aeroflight-
dynamics Directorate’s rotary wing test stand in the Army
hover chamber as shown in figure 1. The rotor system has
a diameter of 4 feet and a thrust-weighted solidity of
0.1194. The blades are constructed of birch wood and
have a total twist of 32° between the root cutout and the
tip. The blade thickness tapers nonlinearly from the root
to the tip. Given in table 1 are the twist, chord, and maxi-
mum thickness distributions of the blade as a function
of radius. The blade section airfoils were originally
intended to represent NACA 64 series airfoils, but
templates made of 12 radial locations along the hand
crafted blade showed that the actual airfoil sections
differed from that series. These templates were digitized
so that the actual airfoil geometry could be determined
for subsequent analysis. The actual airfoil coordinates are
included in appendix A. To obtain surface pressure data
for this test, one of the blades was configured with
nineteen 0.03 inch diameter pressure tubes. Ten of these
tubes were embedded radially along the upper surface
of the blade while the remaining tubes were embedded
radially along the lower surface. Tap orifices were located
at eight radial locations on each pressure tube. Table 2
shows the tap location for both the chordwise and radial
directions. Figure 2 shows a partial view of the pressure
orifices on the upper surface of the blade.

Instrumentation

Each of the nineteen pressure tubes in the blade was
connected to a Kulite (YQC-250 series) differential
pressure transducer using flexible plastic tubing. These
pressure transducers were located inside a container
above the rotor hub (fig. 2). As shown in the figure the
transducers were set close to the center of rotation,
1.5 inches, and aligned vertically so that effects on the
pressure measurements, caused by the centrifugal force
acting on the transducer diaphragms, would be reduced as
much as possible. Calibration checks of each transducer
were performed on a daily basis prior to operating the
rotor. This was accomplished by comparing each trans-
ducer’s measured pressure to a known pressure applied at
each tap orifice using a Paroscientific pressure calibrator.
Thrust and torque data were obtained from the rotor using
a six component strain gage balance. Other measurements
included ambient temperature and pressure and rotor rpm.

To avoid being influenced by the rotor wake, the ambient
pressure sensor was located directly outside of the testing
chamber. Pressure data from the rotating system were
transmitted to the nonrotating system using a 156 channel
Polyscientific slipring. From that point, both pressure and
balance data were passed through Pacific differential
amplifiers and filtered to 10 Hz. All data were then
recorded using an HP 3852A data acquisition system.

Test Conditions and Procedures

Performance and pressure data were obtained at collective
pitch angles ranging from 0° to 28° and rotor speeds of
400, 600, 800, 1200, 1800, and 2400 rpm. Table 3 lists
the collective angles and rotor speeds tested. The
collective pitch angles were manually set at the hub for
each blade using a template at the 3/4 radius and a digital
protractor. Pressure data were collected at one radial
location at a time since each pressure tube had eight radial
tap orifices per transducer. This was accomplished by
sealing off seven radial locations using strips of two inch
wide cellophane tape wrapped chordwise around the
blade, thereby leaving just the one remaining radial
location open for data measurement. Once data were
obtained for that particular collective setting and radial
location, another radial location was opened and the
previous one sealed off. This was done until data at all
eight radial locations were recorded for a range of rpm’s.
The collective angle was then changed and the process
repeated. A check for vacuum leaks was performed
each time a new radial location was sealed by using a
Paroscientific pressure calibrator.

Test Results

Hover Performance Data

The tip speed of 377 ft/sec at 1800 rpm corresponds to a
tip Reynolds number of about 500,000. Figure 3 shows
the effect of collective pitch angle on CT/σ at 1800 rpm.
The solid line indicates two different rates of increasing
CT/σ with respect to the collective pitch angles. The
CQ/σ as a function of collective pitch angle is given in
figure 4. The solid line in this figure represents a third-
order polynomial least-squares curve fit of the data. The
CQ/σ versus (CT/σ)1.5 curve is shown in figure 5. A
linear relation is observed for (CT/σ)1.5 up to 0.087 with
a second linear relationship being seen above that value.
The figure of merit for this rotor is shown in figure 6 as a
function of CT/σ. The figure of merit reaches a plateau at
0.75 between CT/σ equal to 0.1 and 0.17 and drops off
quickly as the CT/σ is increased above that level.
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Pressure Data

The column of air inside the pressure tube is subjected to
centrifugal force, so the measured pressure coefficients
need to be corrected for this effect. This correction was
applied during data reduction. The flexible tubing
between the pressure tube at the 85 percent chord location
on the upper surface of the blade and its transducer was
not functional during the early part of the test but was
repaired later in the test. Because of this, some of the
figures and data tables do not contain pressure informa-
tion for that location. In addition, pressure data from the
60 percent chord location on the lower surface of the
blade were not obtained due to an inoperable transducer.
Typical sectional pressure distributions are shown in
figure 7 for all collective angles tested at 1800 rpm.
Figures 8(a) and 8(b) are plots of CP distributions over a
range of collective angles at r/R = 0.2 and r/R = 0.75,
respectively. The surface pressure distributions over a
range of rotor speeds are shown in figures 9(a) and 9(b),
respectively. From observation, the pressure coefficients
do not change very much with the rotor speed. All pres-
sure and performance data can be found in appendix B.
Data are organized in order of increasing collective

angles. Multiple asterisks in the data set represent data
which were not available due to problems with that
particular transducer.
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Table 1. Blade characteristics
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Table 2. Tap locations for the upper (U) and lower (L) surfaces of the pressure blade

Table 3. Summary of test conditions
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Figure 1. Three-bladed model rotor in the Army anechoic hover chamber.
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Figure 2. Top view of the model rotor showing the pressure transducers and a partial view of the pressure blade.
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Figure 3. Effect of collective pitch on CT / σ at 1800 rpm.
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Figure 4. Effect of collective pitch on CQ / σ at 1800 rpm.
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Figure 5. CQ / σ as a function of (CT / σ)1.5 at 1800 rpm.
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Figure 6. Effect of CT / σ on rotor performance at 1800 rpm.
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(a) θc = 0°

Figure 7. Chordwise pressure distributions along the blade radius; rpm = 1800. (Vertical scale changes from plot to plot.)
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(b) θc = 4°

Figure 7. Continued.
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(c) θc = 8°

Figure 7. Continued.
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(d) θc = 12°

Figure 7. Continued.
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(e) θc = 16°

Figure 7. Continued.
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(f) θc = 18°

Figure 7. Continued.
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(g) θc = 20°

Figure 7. Continued.
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(h) θc = 22°

Figure 7. Continued.



19

(i) θc = 25°

Figure 7. Continued.
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(j) θc = 26°

Figure 7. Continued.
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(k) θc = 27°

Figure 7. Continued.
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(l) θc = 28°

Figure 7. Concluded.
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(a) r/R = 0.20

Figure 8. Surface pressure distributions for a range of collective pitch angles; rpm = 1800.



24

(b) r/R = 0.75

Figure 8. Concluded.
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(a) θc = 0°

Figure 9. Surface pressure distributions for a range of rotor speeds; r/R = 0.20.



26

(b) θc = 28°

Figure 9. Concluded.



Appendix A

Pressure Blade Airfoil Coordinates
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Appendix B

Pressure Blade Airfoil Coordinates

Nomenclature

COLL collective angle at 0.75R, θc, deg

Cpl lower surface pressure coefficient, CP

Cpu upper surface pressure coefficient, CP

CQ/S rotor torque coefficient over solidity, CQ/σ

CT/S rotor thrust coefficient over solidity, CT/σ

DENSITY air density, ρ, slugs/ft3

PRESS ambient pressure, P∞, lb/in.2

RPM rotor rotation speed, rev/min

r/R nondimensional rotor radius

TEMP ambient air temperature, °F

THRUST rotor thrust, lb

TORQUE rotor torque, ft·lb

x/c nondimensional chord location
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